We have determined the profile of pressures in isolated perfused lungs of adult rats and investigated the influence of vasomotor tone and cyclooxygenase and lipoxygenase inhibition on total and segmental vascular resistance. We isolated and blood-perfused lungs of 30 rats (480±21 g). Group 1 (n =7) was untreated, group 2 (n =8) was paralyzed with papaverine, group 3 (n=11) was treated with indomethacin, and group 4 (n=4) was treated with indomethacin and U60257, a putative lipoxygenase inhibitor. Blood flow was adjusted initially to raise pulmonary artery pressure to approximately 15 cm H20 and then held constant. Airway and left atrial pressures were held constant at 7 and 8 cm H20, respectively (zone 3 conditions). In all lungs, we measured pressures in subpleural 20-50-,um-diameter arterioles and venules using the micropuncture servonull technique. Thus, the pulmonary circulation was partitioned into three segments: arteries, microvessels, and veins. In group 1 lungs, arteries presented the largest fractional resistance to flow at 46% of total resistance, with microvessels and veins contributing 34% and 20%, respectively. In group 2 lungs that had no vasomotor tone, total vascular resistance was approximately 27% lower than in group 1 lungs, mainly due to a lower resistance in veins. In indomethacin-treated lungs (group 3) and indomethacin and U60257treated lungs (group 4), total and segmental vascular resistance was not significantly different from untreated lungs (group 1). We conclude that in isolated perfused rat lungs, arteries are the predominant site of resistance to blood flow. Veins exhibit some vasomotor tone that can be eliminated with papaverine, and cyclooxygenase and lipoxygenase inhibition does not alter the characteristic profile of vascular resistance. (Circulation Research 1991;68:1020-1026) D espite the extensive use of the isolated perfused adult rat lung in the study of pulmonary circulatory physiology,1-3 neither microvascular pressures nor the longitudinal distribution of segmental vascular resistance has been reported for the rat lung. The purpose of this study was to determine the profile of vascular pressures in the isolated perfused adult rat lung and to investigate the influence of vascular tone and cyclooxygenase and lipoxygenase metabolites on total and segmental vascular resistance.
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We have determined the profile of pressures in isolated perfused lungs of adult rats and investigated the influence of vasomotor tone and cyclooxygenase and lipoxygenase inhibition on total and segmental vascular resistance. We isolated and blood-perfused lungs of 30 rats (480±21 g). Group 1 (n =7) was untreated, group 2 (n =8) was paralyzed with papaverine, group 3 (n=11) was treated with indomethacin, and group 4 (n=4) was treated with indomethacin and U60257, a putative lipoxygenase inhibitor. Blood flow was adjusted initially to raise pulmonary artery pressure to approximately 15 cm H20 and then held constant. Airway and left atrial pressures were held constant at 7 and 8 cm H20, respectively (zone 3 conditions). In all lungs, we measured pressures in subpleural 20-50-,um-diameter arterioles and venules using the micropuncture servonull technique. Thus, the pulmonary circulation was partitioned into three segments: arteries, microvessels, and veins. In group 1 lungs, arteries presented the largest fractional resistance to flow at 46% of total resistance, with microvessels and veins contributing 34% and 20%, respectively. In group 2 lungs that had no vasomotor tone, total vascular resistance was approximately 27% lower than in group 1 lungs, mainly due to a lower resistance in veins. In indomethacin-treated lungs (group 3) and indomethacin and U60257treated lungs (group 4), total and segmental vascular resistance was not significantly different from untreated lungs (group 1). We conclude that in isolated perfused rat lungs, arteries are the predominant site of resistance to blood flow. Veins exhibit some vasomotor tone that can be eliminated with papaverine, and cyclooxygenase and lipoxygenase inhibition does not alter the characteristic profile of vascular resistance. (Circulation Research 1991;68:1020-1026) D espite the extensive use of the isolated perfused adult rat lung in the study of pulmonary circulatory physiology,1-3 neither microvascular pressures nor the longitudinal distribution of segmental vascular resistance has been reported for the rat lung. The purpose of this study was to determine the profile of vascular pressures in the isolated perfused adult rat lung and to investigate the influence of vascular tone and cyclooxygenase and lipoxygenase metabolites on total and segmental vascular resistance.
The micropuncture method of directly measuring pulmonary vascular pressures4 has been used in several animal species to determine the longitudinal profile of vascular pressures and the distribution of resistances in the arterial, microvascular, and venous segments. The ability to partition the circulation into arteries, microvessels, and veins has led to a better understanding of regional differences within the pulmonary circulation of pressure flow characteristics and vasomotor response to numerous stimuli. Additionally, the measurement of pressures in the juxtacapillary arterioles and venules has allowed for a more accurate determination of the hydrostatic pressures in exchange vessels and the factors influencing fluid filtration. The micropuncture technique has been successfully applied to isolated perfused lungs of the dog,1,5 cat,6 rabbit,7 and lamb,8 as well as lungs of the intact dog9 and rabbit.10 We report for the first time the micropuncture measurement of microvascular pressures in the isolated perfused rat lung and the influence of vasomotor tone and cyclooxygenase and lipoxygenase inhibition on segmental vascular resistance.
Materials and Methods Isolated Perfused Lung Preparation
We isolated and perfused lungs of 30 adult male Sprague-Dawley rats whose body weight averaged 480±+21 g, using a modification of methods described previously." Briefly, the rats were allowed to breathe oxygen for several minutes; then they were given 1,000 IU/kg body wt i.v. heparin sodium (Elkins-Sinn, Inc., Cherry Hill, N.J.), followed by a lethal dose of approximately 50-80 mg/kg body wt pentobarbital sodium. An endotracheal tube was tied in the trachea, and the heart and lungs were excised. Plastic cannulas filled with lactated Ringer's solution were inserted into the pulmonary artery and left atrium via the right and left ventricles, respectively. In four of the 30 lungs, additional PE-60 tubing was tied into the pulmonary artery and left atrium for measurement of pressures directly. Air bubbles were prevented from entering the lungs by briefly occluding the pulmonary artery with a stay suture distal to the cannula tip. For perfusion, the lungs were placed in a supine position, the vascular cannulas were connected to the perfusion circuit, and the endotracheal tube was attached to the source of gas supply. The average time interval from death of the rat to perfusion of the lungs was 11 minutes.
We filled the perfusion circuit with autologous blood collected from adult rats. Approximately 10 ml of 3 gm% dextran (MW 70,000, Sigma Chemical Co., St. Louis) in lactated Ringer's solution was added to 30 ml blood to achieve a total circulating volume of approximately 40 ml with a hematocrit of 19+±3%.
Heparin was added to make a final perfusate concentration of 10 IU/ml. Perfusate pH, Pco2, Po2, and hematocrit were measured at the beginning of the experiment and at 20-minute intervals. To maintain pH between 7.35 and 7.45, sodium bicarbonate was added as needed. We kept the Pco2 between 30 and 50 mm Hg and Po2 greater than 90 mm Hg by bubbling 100% 02 and CO2 into the venous reservoir when required. Blood glucose concentration was assessed by Dextrostix (Miles Inc., Elkhart, Ill.) at the onset of perfusion and at 30-minute intervals during the perfusion period. A roller pump (integral variable drive, Cole-Parmer Instrument Co., Chicago) provided steady flow of blood through the pulmonary artery into the lungs and back through the pulmonary veins into a reservoir. Perfusate temperature was kept around 36°C by submerging the bubble trap and afferent circuit tubing in a 39°C heated water bath. To reduce heat dissipation, lungs were placed on a heated pad. We continuously measured pulmonary artery and left atrial pressures with transducers (Gould-Statham P23, Gould, Cleveland, Ohio) and recorded them on a chart recorder (model R-511A, Sensormedics, Yorba Linda, Calif.) from ports located in the circuit tubing approximately 4 cm from the main pulmonary artery and left atrium in 26 lungs and directly from the main pulmonary artery and left atrium in four lungs. We calculated the pressure drop across the vascular cannulas for the flow rates that were used in our experiments and corrected the measured values in the remaining 26 lungs. Zero reference level for vascular pressures was the top surface of the lung (site of all micropunc-tures). Left atrial pressure was set by adjusting the height of the venous reservoir, and pulmonary artery pressure was controlled by adjusting blood flow. The roller pump was calibrated by timed collections of outflow.
The deflated lungs were initially perfused at a low flow rate that was gradually increased as the lungs were ventilated at peak inspiratory and end-expiratory pressures of 20 and 2 cm H2O, respectively.
When no visible atelectasis remained, ventilation was switched to a constant distending pressure of 7 cm H2O with a gas mixture containing 30% 02-8% CO2-62% N2. Blood flow was then adjusted so that pressure in the pulmonary artery was approximately 15 cm H2O when left atrial pressure was 8 cm H2O.
Blood flow and left atrial pressures were subsequently held constant through the remainder of the experiment, maintaining zone 3 conditions for all micropuncture pressure measurements. The experiment was terminated if the pulmonary artery pressure had changed by greater than 2 cm H2O or if edema fluid appeared in the trachea. In all lungs, we measured pressures in subpleural microvessels, both in a 20-50-,um-diameter arteriole and 20-50-,umdiameter venule to obtain a complete profile of pressures in each lung. This enabled us to calculate arterial, microvascular, and venous segmental resistances for each lung. Microvascular Pressure Measurement
We measured microvascular pressures using a modification of the method described by Bhattacharya and Staub.4 Micropipettes were made from capillary tubing (0.0205 in. i.d., 0.036 in. o.d., Drummond Scientific Co., Broomall, Pa.) drawn to a taper by means of a vertical puller (diamond abrasive plate, model 700D, David Kopf Instruments, Tujunga, Calif.). The pipette was filled with 2 M NaCl solution colored with guinea green dye to facilitate visualization of the pipette tip during micropuncture. It also served to document adequate vessel flow by the visualization of rapid washout of injected dye. The pipette was connected electrically and hydraulically to the servonulling pressure measuring system.
To stabilize the lung surface and create a pool of 1N saline for obtaining a zero reference pressure, a 1-cm-diameter plastic ring, secured motionless to a heavy stand, was gently applied to the lung surface so as to not compress the subpleural vessels.
The lung field was illuminated, and the blood-filled vessels were contrasted against the pale alveolar surface by placing a cold light source against the lung surface adjacent to the area visualized. The microvessels were viewed through a stereomicroscope (Zeiss, FRG) at x 80 and x 120 magnification. Arterioles were identified by observing flow of red blood cells from larger vessels to smaller branches; conversely, blood cells were seen to flow from smaller to larger vessels in the veins. We chose to measure pressures in the 20-50-,um vessels because it allowed us to subdivide the pulmonary circulation into three ana- tomic regions: arteries from the pulmonary artery to 50-.tm arterioles, microvessels between 50-,m arterioles and venules, and veins from 50-,um venules to the left atrium. We accepted microvascular pressure measurements if the following criteria were fulfilled: 1) reproducible zero reference pressure obtained both before and after the pressure measurement, 2) an immediate response in the microvascular pressure tracing when either the pulmonary artery or left atrial pressure was perturbed, 3) immediate washout of injected dye from the pipette by the flowing blood, indicating that the pipette tip was lying freely in the lumen, and 4) a pressure measurement that was independent of small changes in the optimal servonull gain setting, indicating that the pipette tip was lying freely in liquid.
Experimental Protocols
Group 1 (n=7). Lungs were perfused with untreated blood as described above.
Group 2 (n=8). To study the contribution of vascular tone to segmental vascular resistance, we perfused eight lungs with blood treated with papaverine (70 gg/ml) to eliminate vascular smooth muscle tone. To confirm that the vasculature was completely paralyzed, angiotensin (200 ,jg), a potent constrictor of the pulmonary vessels, was injected into the pulmonary artery of three lungs. The usual pressure rise of approximately 10 cm H20 that is elicited by angiotensin was not present.
Group 3 (n=11). To investigate the role of cyclooxygenase metabolites in total and segmental vascular resistance, 11 lungs were perfused with indomethacin-treated blood to inhibit the cyclooxygenase enzyme. Before perfusion was initiated, indomethacin (100 mg) dissolved in a mixture of normal saline (30 ml) and 1N NaHCO3 (20 ml) was added to the blood to achieve a final perfusate concentration of 20 ,ug/ml. This concentration has been shown to be effective in blocking cyclooxygenase in isolated perfused lungs of several species,12-14 including rat lungs. 15 Group 4 (n=4). To investigate the role of arachidonic acid metabolites, including lipoxygenase metabolites, in total and segmental vascular resistance we treated four rat lungs with indomethacin (as described for group 3 lungs) and with U60257 (Piriprost), a putative lipoxygenase inhibitor (a gift of Dr. M. Bach, The Upjohn Co., Kalamazoo, Mich.). Pir-iprost was added to the perfusate before initiation of perfusion in a concentration of 200-500 ,ug/ml. Piriprost is highly protein bound and has been shown to inhibit lipoxygenase enzyme at concentrations of 1-10 ,ug/ml in protein-free media and at 100-500 ,ug/ml in protein-containing media.15,16
Analyses of Data
All data are expressed as mean+1 SD for each group of lungs. To compare vascular pressures, segmental pressure drops, and segmental resistances within each group, we used an analysis of variance and applied the Newman-Keuls test. To compare data from groups 2, 3, and 4 individually with data from the control group, group 1, we used an unpaired t test and applied the Bonferroni correction for multiple t tests. 17 For comparison of data from all four groups, we used an analysis of variance with the Newman-Keuls test.
Results
Perfusate hematocrit was 20+3% at the start of perfusion and remained constant throughout the experiments. Perfusate pH and gas tensions were similar for all groups: pH 7.42+0.08, Pco2 30+5 mm Hg, and Po2 114±+26 mm Hg. Blood glucose concentration was stable throughout the experiment at 90-125 mg%.
Group 1
Adult rat lungs perfused with untreated blood had a flow rate of 17.1+2.1 ml.min-1kg-1 when total pressure drop across the pulmonary circulation was 7.2±0.1 cm H2O (Table 1) . Calculated total pulmonary vascular resistance was 0.429±+ 0.098 cm H20&minwml-1kg. Pressure drop was 3.34±0.82 cm H20 across arteries, 2.50+0.79 cm H20 across microvessels, and 1.36±0.50 cm H20 across veins. The arterial segment contributed 46% to total vascular resistance, microvessels contributed 34%, and veins contributed 20% (Figure 1 ). Group 2 Total pressure drop across papaverine-treated lungs was 6.5±0.9 cm H20, and blood flow was 21.8±4.0 ml.min-1lkg-1 (Table 1) . Calculated total vascular resistance of 0.309+0.091 cm H20&min ml-1kg was significantly (27%) lower than that of untreated lungs (group 1). Although a trend toward lower resistance was evident in the arterial and microvascular seg- isolated perfused rat lungs. Papaverine treatment resulted in a 27% reduction in total vascular resistance, mainly due to a reduction in venous resistance. ments, the resistance was significantly lower only in the venous segment (lower by 36%, Figure 1 ). However, the fraction of total resistance contributed by each vascular segment was not significantly different from that of group 1.
Group 3
Lungs perfused with indomethacin-treated blood had a total vascular pressure drop of 6.9±+1.1 cm H20 and a blood flow of 20.9±+1.0 ml.min-'kg-. Total vascular resistance was 0.344±+ 0.064 cm H20'min'ml-1kg, which was not significantly different from group 1. The inhibition of cyclooxygenase activity resulted in a trend toward lower resistance in arteries and microvessels without changing venous resistance, though none of these changes were statistically significant. Group 4 Lungs perfused with indomethacin and Piriprost had a total vascular pressure drop of 7.0+1.6 cm H20 and a blood flow of 18.2+3.5 ml.min`.kg-1. Total vascular resistance was 0.404±0.131 cm H20minml-l'kg, which was not significantly different from group 1. Inhibition of cyclooxygenase and lipoxygenase tended to lower venous resistance, though this change did not reach statistical significance.
In comparing the longitudinal distribution of resistances in arteries, microvessels, and veins in the four groups of lungs, we found that though total and venous resistances were significantly lower in papaverine-treated lungs, the fractional distribution of resistances was similar in all four groups (Figure 2 ).
Discussion
The isolated perfused rat lung has been used extensively in the study of the pulmonary circulation. The rat lung has proven useful in investigating the action of putative vasoactive agents2'3 in exploring the mechanisms of hypoxic pulmonary vasocon-striction1Jl5,18 and in studying the mechanisms involved in structural remodeling of the pulmonary vasculature. 19, 20 In spite of this extensive study of the rat pulmonary circulation, there are no published data on the longitudinal distribution of vascular resistances in the rat pulmonary circulation. In this study we have used the technique of micropuncture to directly measure pressures in 20-50-,um-diameter arterioles and venules to partition the pulmonary circulation into three segments: arteries, microvessels, and veins. We have also determined the influence of vasomotor tone and cyclooxygenase and lipoxygenase inhibition on segmental vascular resistance.
In isolated perfused rat lungs with intact vasomotor tone, we found that arteries imposed the largest resistance (46%) to blood flow. Microvessels and veins accounted for 34% and 20% of total resistance, respectively. The adult rat lung is notably different from lungs of other species in that the fractional resistance in arteries is significantly higher. In contrast, in isolated perfused lungs of the dog,4'5 cat,6 and rabbit,7 microvessels are the major site of resistance to flow, ranging from 44% of total resistance in cats up to 90% in dogs. Correspondingly, the arterial resistance in these animals accounted for a considerably smaller fraction of total resistance, varying from 10% to 34%. The small fractional resistance in the veins of the rat is consistent with the findings in lungs of the adult dog,4,5 cat,6 and rabbit. 7 Experimental conditions that influence the longitudinal distribution of vascular resistance in isolated perfused lungs are perfusate composition, total arteriovenous pressure drop, lung volume, and the relation among inflow, outflow, and airway pressures. These conditions vary significantly in studies by different investigators and tend to limit meaningful comparisons among studies; however, most of the studies listed above were done under comparable experimental conditions (i.e., the lungs were perfused in zone 3, the total arteriovenous pressure drop ranged from 8-12 cm H20, the lungs were kept inflated at an airway pressure between 5-7 cm H20, and the circulation was partitioned using the micropuncture technique). Hence, comparison of our data with those from the above-mentioned studies seems reasonable. Therefore, a likely explanation for the high fractional resistance in arteries relative to that in other species may be the unique structural characteristics of the pulmonary arterial tree in the rat. Meyrick et a121 documented the presence of thickwalled oblique smooth muscle segments located near branch points in 80-700-,um-diameter muscular arteries. The oblique muscle segments were structurally distinct from the circular bundles of smooth muscle commonly seen in other species and had both compliance and contractile properties ideally suited for in vivo regulation of blood flow to the capillaries. These arterial segments containing the oblique smooth muscle had a relatively thicker vessel wall such that the ratio of wall thickness to vessel diameter was much higher (0.33) than in the rest of the arterial segments (0.04). These muscular segments may have contributed to the high total and arterial resistance encountered in the isolated perfused rat lung. The smaller fraction of microvascular resistance compared with other species may also have an anatomic basis. Reid and Meyrick22 have noted that in small animals such as the rat the transition from muscular to nonmuscular arteries occurs more proximally than in large animals. Thus, the number of muscular and partially muscular arterioles extending beyond our site of micropuncture pressure measurement and contributing to microvascular resistance may be lower in the rat than in larger animals. The limited extension of medial smooth muscle into small arterioles of the rat is similar to what is seen in the newborn human22 and may account, in part, for the similarities between the distribution of vascular resistances in lungs of neonatal rabbits11 and lambs8 and of adult rats. Total vascular resistance in the rat lungs in our study was comparable with that reported by other investigators.1'2 Elimination of vascular smooth muscle tone with papaverine resulted in a significant but modest reduction (27%) in total pulmonary vascular resistance, consistent with previous reports of low resting tone in unstimulated normoxic rat lungs.18 Resistance tended to be lower in all vascular segments in the papaverine-treated lungs compared with the untreated lungs; however, it was only significantly so in veins. Although veins of other animal species are generally described as thin walled with poorly developed medial smooth muscle, their capacity to contract vigorously and influence microvascular pressures is well documented. 23, 24 In the rat, the veins are particularly well developed, and the vessel wall of large veins contains contractile cardiac smooth muscle.21 A recent study25 demonstrated that pulmonary veins of rats have constricted circular regions located appropriately for flow regulation; these regions are similar to those seen in the pulmonary artery. The reduction in venous resistance that we found with papaverine treatment may signify relaxation of these venous sphincters.
We found that cyclooxygenase inhibition brought about no significant change in either total vascular resistance or the fractional segmental vascular resistance of the isolated perfused rat lungs. In isolated perfused lungs of both adult sheep12 and neonatal lambs,13 there is a significant amount of circulating cyclooxygenase products, such as thromboxane and prostacyclin, so that cyclooxygenase inhibition brings about a change in baseline vasomotor tone, usually an increase in vasomotor tone. 13 The isolated perfused rat lung is capable of synthesizing large amounts of prostacyclin both during normoxia and in response to vasoconstrictor stimuli such as hypoxia.2 However, from our studies we would conclude that under baseline normoxic conditions, prostacyclin and/or other cyclooxygenase products play a minor role in maintenance of low basal vasomotor tone, because total vascular resistance was not significantly different in indomethacin-treated and untreated lungs.
Lipoxygenase products may also play a role in the characteristic profile of segmental vascular resistances in the lung. 13 In isolated perfused lamb lungs, treatment with Piriprost resulted in a significant decrease in total vascular resistance, mainly due to a decrease in arterial resistance,13 indicating that leukotrienes may be playing a role in mediating high vasomotor tone in arteries. In our experiments in rat lungs (group 4), we did not find any significant change in either the profile of pressures or in the fractional distribution of segmental vascular resistances when we treated the lungs with a lipoxygenase inhibitor. Rat lungs are capable of synthesizing and releasing leukotrienes,26 which have been shown to play a role in hypoxic vasoconstriction.15 However, our data show that under baseline conditions, leukotrienes probably do not contribute toward maintenance of resting vasomotor tone. Most probably, the small degree of baseline vasomotor tone seen in veins of untreated rat lungs is mediated by some vasoactive agent other than any cyclooxygenase or lipoxygenase product of arachidonic acid.
We have compared segmental vascular resistance in isolated rat lungs as determined by occlusion pressures and micropuncture measurement of microvascular pressures. In a recent study by Perry et al,27 the rat pulmonary circulation was partitioned using vascular occlusion pressures.28 Although in their study they did not calculate the fractional contribution of the different vascular segments to total vascular resistance and the experiments were done under experimental conditions different from ours, in general, the data from their study appear to be consistent with ours. Similar to our data, in control, untreated lungs, the largest pressure drop was from the pulmonary artery to the site of arterial occlusion pressure, that is, in the segment containing large arteries. It is not clear as to the exact site of the arterial occlusion pressure. A recent study by Tod et a129 on the effects of embolization and arterial ligation on pulmonary vascular pressures suggests that the site of arterial occlusion pressure may be in arteries as large as 2-3 mm in diameter. The arterial segment defined by the arteriolar micropuncture pressures contains the entire arterial segment from the pulmonary artery to the 20-50-,um-diameter arterioles.
It would appear that the characteristic profile of segmental vascular resistances in lungs of different species is dependent on a variety of factors superimposed on the unique morphological features of the pulmonary vasculature. Vasomotor tone influences segmental vascular resistance and is itself modulated by a variety of vasoactive mediators. In the rat lung, morphological features seem to dominate over other influences in determining its characteristic profile of resistances. The functional significance of this particular profile of resistances has yet to be determined for the rat lung. Nevertheless, data from studies conducted in lungs of other species would indicate that the degree of vasoactivity demonstrated by a vascular segment cannot be predicted by its fractional contribution to total vascular resistance. In the neonatal rabbit lung, veins contribute approximately 25% to total vascular resistance,11,30 but they do not constrict with hypoxia.30 However, in the ferret lung, both in adult and neonatal lungs, veins contribute only 20% to total vascular resistance, but they constrict just as vigorously as arteries in response to hypoxia.3' In the rat lung, preliminary data from Bhattacharya and Bhattacharya32 indicate that rat pulmonary veins may not be very vasoactive; only pulmonary arteries but not veins were constricted by Bay K 8644. Further studies need to be done to compare the vasoactivity of pulmonary arteries and veins in rats.
In conclusion, the isolated perfused rat lung has a unique profile of segmental vascular resistances as compared with isolated lungs of other adult animals. The large fractional resistance in arteries appears to be related to vessel geometry, because elimination of smooth muscle tone did not reduce arterial resistance. On the other hand, veins exhibited some basal vasomotor tone that could be removed with papaverine. Neither cyclooxygenase nor lipoxygenase inhibition altered the characteristic profile of vascular resistances in the isolated perfused rat lung.
